Abstract: We present a polarization-diversity 4 Â 4 optical switch composed of siliconwire waveguides. The proposed 4 Â 4 switch does not require a polarization rotator, which enforces a modification in a standard complementary metal-oxide-semiconductor (CMOS) process to achieve vertical asymmetry. The switch is fabricated on a 300-mm silicon-on-insulator (SOI) wafer with argon fluoride (ArF) immersion lithography, and its footprint is 2.1 mm Â 1.1 mm. The switch exhibited a 12.5-dB on-chip loss, a 1.9-dB polarization-dependent loss, and an approximately 5-ps differential group delay.
Introduction
The increasing use of high-definition videos (4 K, 8 K, etc.) and mobile devices has been a key driving force contributing to the increase in Internet traffic. The increase in traffic is accompanied by increased electric power consumption in current network systems, and therefore, future network systems are expected to overcome traffic-dependent electric power consumption. The dynamic optical path network (DOPN) is one of the promising solutions as a future system [1] . The DOPN is an optical circuit-switching network in which strictly non-blocking multiport optical switches play an important role. To realize these multiport switches, silicon photonics based on a complementary metal-oxide-semiconductor (CMOS) process is an attractive platform because it provides dense and homogeneous optical circuit integration. In addition, silicon photonics can be mass-produced, leading to low cost. Using this platform, several multiport silicon optical switches have been demonstrated [2] - [6] . However, in real applications, it is difficult to deploy these silicon switches in network systems because silicon waveguides possess strong polarization dependency due to the large mode-profile difference between the transverse-electric (TE)-like and transverse-magnetic (TM)-like modes owing to strong optical confinement. One approach for achieving polarization independence is using weak optical confinement waveguides such as a rib waveguide fabricated on a thick (∼1.5 m) silicon-on-insulator (SOI) wafer [5] to equalize the fields of both modes. Another approach is employing a diversity scheme in which the TE and TM modes are separated with a polarization beam splitter (PBS) at the input and propagate through the circuit separately, and they are finally mixed at an output PBS. In this scheme, a polarization rotator (PR) is typically inserted into one arm of the PBSs to equalize the two polarizations and to use two identical devices for each polarization component. However, the PRs require vertical structural asymmetry, such as a complicated rib structure [7] , and additional materials other than silicon and SiO 2 [8] , requiring modification of standard CMOS processes. The diversity scheme without the PR can be implemented using two different devices designed for the TE and TM modes. Recently, we reported a PR-free polarizationdiversity 2 Â 2 switch [9] and an intersection [10] , which are basic components of the multiport switch [11] .
In this paper, a polarization-diversity strictly non-blocking 4 Â 4 Si-wire optical switch is fabricated, and its switching characteristics are investigated in detail. The switch is in the pathindependent insertion loss (PILOSS) topology [12] and has the PR-free configuration.
Fabricated Device
A microscope image of the fabricated polarization-diversity 4 Â 4 switch is shown in Fig. 1 . The switch consists of 16 polarization-diversity 2 Â 2 switches [9] and nine intersections [10] , and they are arranged in the PILOSS configuration [12] . The 4 Â 4 switch was fabricated on a 300-mm SOI wafer using a CMOS-compatible process that includes ArF immersion lithography. Si-wire waveguides are 220-nm high and 430-nm wide. The Si-wires were buried with 1.5-m thick SiO 2 over-cladding. Thermo-optic phase shifters based on 5-m wide TiN heaters were fabricated on the over-cladding. The micro heater width was designed to obtain electric resistance required from control electronics. The TiN heaters were covered with a 0.2-m thick SiO 2 passivation layer. The heaters were controlled through Al-Cu electric wiring, and they were patterned on the passivation layer. The Al-Cu electric wires were passivated by a 0.6-m thick SiO x layer. The switch chip was die-bonded on a ceramic interposer, and electrode pads on the chip were wire-bonded to the interposer.
The input optical signal was launched through spot-size converters (SSCs) fabricated at the edges of the chip and subsequently divided into the TE and TM modes by the PBS, which consists of a directional coupler (gap width: 430 nm, coupling length: 12 m) as shown in the inset of Fig. 1 . The directional coupler was designed as 0-dB coupler for the TM-mode, so the TM-mode launched into an input port is led to the cross-port. On the other hand, the TE-mode launched into the same input port is not led to the cross-port but the bar-port because the coupling length of the TE-mode for complete power transfer is much longer than that of the TM-mode due to the stronger mode confinement. As the fabricated 4 Â 4 switch does not include any PRs, the TE and TM mode signals maintain their polarization while they propagate through the switch. The transmitted TE and TM modes were combined at another PBS and led into another SSC. for an operating wavelength of 1.55 m. The TE/TM intersection is composed of multimode interference (MMI) structure, and its crossing angle is tilted from 90°to suppress crosstalk. Appropriate delay lines are inserted in the TE-and TM-mode paths to suppress the differential group delay (DGD) at a wavelength of 1.55 m.
Results and Discussion

2 Â 2 Switch Element and Intersection
The transmission spectra were measured with an amplified spontaneous emission (ASE) light source and an optical spectrum analyzer (OSA). The light from the ASE light source includes both polarization components. Transmission spectra in the cross state (port connection: 1 -2′, 2 -1′) and the bar state (1 -1′, 2 -2′) are shown in Fig. 3(a) and (b) , respectively. Typical heating power for the phase shift is 69 mW (26 mW for TE mode, 43 mW for TM mode). The crosstalk of the test 2 Â 2 switch was approximately −20 dB in the cross state, and approximately −23 dB in the bar state at a wavelength of 1.592 m. We believe that the crosstalk is limited by the operating wavelength mismatch between the MZ switches for TE and for TM modes.
The minimum crosstalk wavelength was different from the designed wavelength of 1.55 m. This red shift was caused by the discrepancy between the design and fabrication of the directional coupler in the MZ switch, and it may increase the DGD because the delay lines were designed to make DGD zero at a wavelength of 1.55 m. The loss of the 3-dB coupler based on the directional coupler is ∼0.2 dB, and the splitting-ratio of the coupler is estimated to be 47:53 from the transfer matrix analysis. In the measured spectra, there are some oscillations that have a free spectral range of 0.2 nm, corresponding to an approximate cavity length of 3.5 mm. The estimated cavity length agrees well with an optical path length difference of 3.2 mm for DGD compensation. We believe that the oscillation comes from the limited polarization extinction ratio of the PBS.
A test intersection fabricated on the same chip as the 4 Â 4 switch is shown in Fig. 4(a) . The intersection consists of three types of MMI intersections [10] , namely, TE/TM [ Fig. 2(c) ], TE/TE [see Fig. 4(b) ], and TM/TM [see Fig. 4(c) ]. The optical path length of the TE and TM paths in the intersection is adjusted to be equal, similar to the element 2 Â 2 switch. The measured transmission spectra of the test intersection is shown in Fig. 5 . At a wavelength of 1.592 m, the crosstalk reached less than −40 dB, which is the same level as the noise floor of the OSA.
4 Â 4 Switch Performance
The on-chip loss and the polarization-dependent loss (PDL) of all paths as well as the crosstalk at possible switch states were evaluated using the setup shown in Fig. 6 . Here, we defined the on-chip loss as an insertion loss except for the fiber-to-chip coupling losses obtained from a reference Si-wire waveguide fabricated beside the 4 Â 4 switch. Light ð ¼ 1:592 mÞ from a tunable laser diode was polarization adjusted and coupled to the 4 Â 4 switch through a polarization-maintaining lensed fiber. The on-chip loss was measured under the mixed polarization input condition, and the PDL was obtained from the transmitted power difference between the TE and TM mode input cases. All MZ switches were controlled with a multichannel heater driver. Total electric power consumption is approximately 0.78 W. The output power from each path, and the power leaked to other output ports, were measured with a multichannel power meter simultaneously. Fig. 7 shows the measured on-chip loss and PDL of all 16 paths. It is found that the measured on-chip loss is 12.5 AE 1.0 dB. Because of the PILOSS topology [12] , the loss variation among paths is small. The remaining loss variations are attributed to be the coupling loss variations among input/output ports. From this result, the on-chip loss of the 2 Â 2 element switch and the intersection were estimated roughly. Sum of the propagation loss of access waveguides for the input/output and the PBS is 2.1 dB, and 12:5 À 2:1 ¼ 10:4 dB is the loss of 4 Â 4 switching part. The optical path of the 2 Â 2 element switch in the cross-state and the intersection includes two MMI intersections, and the path length ratio is approximately 3:2. From the above assumption, the on-chip loss of the 2 Â 2 element switch and the intersection are estimated to be 1.7 dB and 1.2 dB, respectively. In this preliminary results, the operating wavelength of 1.592 m was redshifted from the designed wavelength of 1.55 m because the discrepancy between the design and fabrication of directional couplers has not yet been minimized. The on-chip loss of the 2 Â 2 switch was degraded by the red shift. Based on the 3-D finite difference time domain analysis, the loss of an MMI intersection is ∼0.5 dB. There are two MMI intersections in a path of the polarization diversity intersection, resulting in 0:5 þ 0:5 ¼ 1:0 dB loss. This agrees well with the experimental results. We believe that the loss can be improved by optimizing the structural parameters of the MMI intersection. The PDL was 1.9 dB, and this is mainly caused by the limited polarization extinction ratio of the PBS. In the imperfect PBS, the TM mode component leaks to the path for the TE mode. The leaked TM mode component propagating the TE path is led to an idle port of the output PBS, resulting in the PDL. In fact, the PDL can be zero if we adjust the 2 Â 2 switch at the final stage of the 4 Â 4 switch so that both polarization output powers are equal. In this case, however, additional loss will be inserted to one polarization path. [2] . The crosstalk was less than −15.1 dB, and its median was −20.0 dB. The worst crosstalk switch state includes a path crossing two other paths at the MZ switch. The crosstalk in this case is estimated to be À20 dB þ 3 dB $ À17 dB, and this value roughly agrees with the experimental result of −15.1 dB. Crosstalk can be improved by optimizing the design parameters of the 2 Â 2 switch and minimizing the operating wavelength shift.
We evaluated the DGD with an optical component analyzer (N7788B, Agilent). We found that the typical DGD of the path was approximately 5 ps. Although the delay lines of the 4 Â 4 switch for DGD compensation were designed at a wavelength of 1.55 m, the 4 Â 4 switch was operated at a wavelength of 1.592 m in this demonstration, in which the crosstalk of the 2 Â 2 switch becomes minimum. The DGD was caused by this wavelength shift, and by optimizing the design using the results of this study to reduce the DGD further. Even so, a DGD of approximately 5 ps is acceptable for switching up to 20 Gbaud transmission system.
Conclusion
We demonstrated a polarization-diversity 4 Â 4 Si-wire optical switch that requires no PRs. This PR-free scheme simplifies the fabrication process. In this preliminary demonstrations, the on-chip loss, PDL, and DGD were measured to be 12.5 AE 1.0 dB, 1.9 dB, and approximately 5 ps, respectively. These characteristics can be improved by further optimizing the design based on the structural parameters discrepancy between the design and the fabricated devices. We believe this study demonstrated that the polarization-diversity scheme is a good option for polarization-independent operation of the silicon optical switches. In this switch structure, maximum switch scale is 32 Â 32, which is limited by a reticle size of an immersion ArF scanner. The polarization-diversity 32 Â 32 switch is our goal for the present.
